Hybrid nanostructures consisting of silver nanowires and peridinin-chlorophyll-protein light-harvesting complexes were investigated using wide-field optical fluorescence microscopy. For peridinin-chlorophyll-protein complexes placed in the vicinity to the silver nanowires we observe higher intensities of fluorescence emission as compared to the reference sample, where no nanowires are present. In particular we study two different sample geometries: first, in which the lightharvesting complexes are deposited onto silver nanowires, and second, where solution of both nanostructures are mixed prior deposition on a substrate. Enhancement factors estimated for the former sample were generally smaller in comparison to the other geometry. Analysis of movies with respect to temporal intensity variations for photosynthetic complexes located along and at the ends of the nanowires, indicate that the photostability is unaffected by the interaction with plasmonic excitations in metallic nanoparticles. Therefore, we conclude that in the case of studied hybrid nanostructures coupling with metallic nanoparticles results in higher number of photons emitted from chlorophyll molecules.
INTRODUCTION
Research focused on control and manipulation of local electromagnetic fields with coherent oscillations of electrons in metallic nanoparticles, plasmons, have been for over a decade one of the most rapidly growing field in science 1 . Multitude of physicochemical properties that can be tailored to match particular requirements renders metallic nanoparticles as useful nanostructures for applications in many research areas, frequently, expanding across the borders of disciplines as well as bridging many of them. The ability to locally enhance the electromagnetic field has been immediately used for improving collection efficiency in Raman and fluorescence spectroscopy 2, 3 , which also lead to overcoming the diffraction limit for optical detection. Remarkably, the spatial resolution of Raman scattering microscopy has been shown to reach 15-20 nm range when coupled to a laser-illuminated ultrasharp metallic tip 4 . Similar progress has been also achieved in employing plasmonic excitations as a feasible platform for tuning emission properties of fluorophores placed in the vicinity of metallic nanoparticles [5] [6] [7] . Although initial attempts focused on relatively simple metallic nanostructures, such as silver island film (SIF) 3, 5, 8 , progress in chemical synthesis that enabled much better control of the optical properties of metallic nanoparticles combined with constant development of nanotechnology tools has lead to fabricating hybrid nanostructures of more sophisticated geometries 9, 10 as well as including complex biomolecules, such as photosynthetic complexes [11] [12] [13] [14] .
In this work we investigate the optical properties of a light-harvesting complex, peridinin-chlorophyll-protein (PCP) coupled to silver nanowires. Silver nanowires are particularly interesting metallic nanostructures as they can be used not only for influencing the radiative rates of fluorophores placed in their vicinity but also have been shown to efficiently guide plasmonic excitations over micrometer lengths 15 . The results of sensitive optical microscopy yield substantial increase of the emission intensity of chlorophyll molecules embedded in the protein upon coupling with plasmon excitations in silver nanowires. The effect is stronger for the structure where the PCP complexes were mixed with the nanowires prior depositing on a glass coverslip as compared for a structure fabricated using layer-by-layer approach. The intensity increase at the ends of the nanowires is found to be approximately twice as much as for the lightharvesting complexes deposited along them. We observe no substantial influence of plasmonic interactions on the photostability of the PCP complexes. U,t5 
MATERIALS AND METHODS
Peridinin-chlorophyll-protein (PCP) is a water-soluble light-harvesing complex isolated from algae Amphidinium carterae. A monomer of PCP contains two chlorophyll a and eight peridinin molecules 16 . Carotenoids absorb blue and green light in the wavelegth range from approximately 350 to 550 nm, while chlorophylls absorb light around 440 nm (Soret band) and 668 nm (Q Y band). The energy absorbed by carotenoids is subsequently efficiently (>95%) transferred to the chlorophylls 17 . Fluorescence of the PCP complexes originated from chlorophyll Q Y band and occurs at 673 nm, the fluorescence lifetime of this emission is about 3.8 ns 17 . Absorbance and emission spectra of PCP complexes in buffer solution are shown in Fig. 1 .
The PCP complexes were obtained according to protocol by Miller et al. 18 . Briefly, PCP apoprotein in 50 mM Tris-HCl pH 8.0 solution was added to 25 mM Tricine and 10 mM KCl (pH 7.6), mixed with a stoichiometric amount of PCP pigments (peridinin and chlorophyll a) dissolved in ethanol. The sample was held in 4 °C for 72 h. Reconstituted samples were equilibrated to 5 mM Tricine with 2 mM KCl (pH 7.6) by passage through a PD-10 column and bound to a column of DEAE Tris-acryl. Reconstituted PCP was then removed with 5 mM Tricine with 2 mM KCl (pH 7.6) containing 0.06 M NaCl.
Silver nanowires (AgNW) were produced by the polyol method using copper nanoparticles as seeds, polyvinylpyrrolidone as a capping agent and ethylene glycol both as a solvent and a reducing agent 19 . Obtained nanostructures reached a length of several micrometers and diameters from 50 to 250 nanometers, as determined by scanning electron microscopy 20 . These large lengths of the AgNW allow for direct imaging of these plasmonic nanostructures using optical microscopy. The extinction spectrum of AgNW (displayed in a black line in Fig. 1 ) features strong peak at the wavelength of 390 nm, which is attributed to localized surface plasmon resonance in the AgNW. The broad plasmon spectrum of the AgNW overlaps substantially with both emission and absorption of the PCP complexes. In combination with the ability to directly image these nanostructures, the AgNW seem to be perfect system for examining the influence of plasmonic excitations on the optical properties of PCP complexes.
For sample preparation we used solutions of the PCP complexes in 2% polyvinyl alcohol (PVA) with two concentrations of 2 μg/ml and 0.1 μg/ml. In order to examine the influence of sample geometry, we fabricated hybrid nanostructures in two way: layer-by-layer samples were obtained by spin-coating 30 μl of AgNW dissolved in water on glass coverslip and then depositing, also by spin-coating 20 μl PCP in 2% PVA, while mixed samples were obtained by depositing a mixture of the PCP complexes and AgNW on glass coverslip. In all processes a speed of 18 rps was used. Previous experiments allowed to determine the concentration of silver nanowires, for which such a procedure resulted in spread-out distribution of roughly well-isolated nanowires on the substrate surface. As a reference, we also prepared a sample containing only PCP complexes with no AgNW. Absorption spectra were recorded on a Varian-Cary 50 spectrophotometer. Steady-state fluorescence measurements were performed using the FluoroLog 3 spectrofluorometer (Jobin Yvon) fitted with double grating monochromator. A Xenon lamp source was used for excitation and the signal was detected with a thermoelectrically cooled photomultiplier tube with a dark current less than 100 cps.
Experiment was conducted using a wide-field inverted fluorescence microscope Nikon Eclipse Ti-U, equipped with Andor iXon Du-888 EMCCD camera. Sample was excited by LED illuminator providing uniform illumination at a wavelength of 405 nm. Light from the illuminator was filtered using a bandpass filter FB405-10 (Thorlabs). Excitation light and fluorescence were separated from each other by dichroic mirror FF458-Di02 (Semrock). Emission signal was further filtered using a bandpass filter HQ675-20 (Chroma). In order to assure for high spatial resolution we used an oilimmersion objective with magnification 100x and numerical aperture of 1.4 (Plan Apo, Nikon). Excitation power measured behind the objective was 145 μW. The detector was cooled to -75 o C to minimalize a dark current. Typical size of registered fluorescence map was 1024x1024 pixels, which corresponds to area of ca. 90 x 90 μm on the sample. Acquisition time of 5 s was applied and gain of 0 (for higher PCP concentration) or 50 (for lower PCP concentration) were used during the experiments.
RESULTS AND DISCUSSION

Fluorescence enhancement
Three types of images were acquired for each location for every sample. First of all, we collected an image in transmission mode, in which light from a halogen lamp was passing through the sample. Next, for the same area, a fluorescence image was obtained. Typical results are shown in Fig. 2 , where in addition an image measured for the PCPonly sample is shown. The concentration of the PCP complexes was the same for both samples.
In the case of the reference sample containing only the PCP complexes, the image (Fig. 2c) is highly uniform, indicating proper preparation conditions for the samples. In contrast, the fluorescence map displayed in Fig. 2b features significant inhomogeneities that exhibits characteristic pattern composed of elongated shapes spread out randomly onto the surface. We can correlate the fluorescence image with the image obtained in a transmission mode (Fig. 2a) and conclude that the enhanced emission originates from the PCP complexes coupled to plasmonic excitations in silver nanowires. While the intensity of the PCP emission along the nanowires is very uniform, there are much brighter spots observed wither at the intersections of the nanowires or at the ends of the nanowires. Qualitatively this result was obtained for over 90% of the nanowires measured. In order to quantify the influence of plasmon excitations in silver nanowires on the optical properties of the PCP complexes we determined fluorescence intensity for the PCP complexes located at the ends of nanowires, those placed along the nanowires, and those that were off the nanowires. The analysis was carried out for series of images similar to the one shown in Fig. 2 , and we only included nanowires that were separated from each other. For the PCP complexes located along the AgNWs we took the value of the emission intensity calculated as an average fluorescence intensity obtained from all pixels along a line that followed the individual shape of each AgNW. In this case the reference intensity AgNW number was obtained by placing identical line away from any NWs where no enhanced emission of the PCP complexes was observed. For that part of the analysis the pronounced bright spots at the ends of nanowires were omitted. On the other hand, the intensity at the ends of the NWs was estimated by taking the intensity of the brightest spot and comparing it to the average intensity of the PCP emission aside from any nanowire.
The results of this analysis obtained for both sample geometries and both concentrations of the PCP complexes are displayed in Fig. 3 for the ends of the NWs. Red points correspond to the background while black points represent intensities extracted for the PCP complexes coupled to silver nanowires. First of all, we note that the intensity of the background level, which results from the emission of the PCP complexes located far away from the nanowires is very uniform across the fluorescence maps. This is in accord with highly homogeneous fluorescence map obtained for the sample where no silver nanowires were present in the solution. The difference between these levels visible for both concentrations originates from different gain applied during the experiment. The results plotted in Fig. 3 point towards strong dependence of observed enhancement factors on the sample geometry as well as on the concentration of the PCP complexes, although this second effect is less pronounced 20 . In the layer-by-layer sample, for both concentrations of the PCP complexes, fluorescence intensity of PCP complexes located along AgNW is increased by approximately 20%, while and at the ends of AgNW this value is enhanced by approximately 50%. In contrast, in the mixed sample containing PCP with the concentration of 2 μg/ml, the fluorescence intensity of PCP complexes located along AgNW is increased by approximately 40%, and at the ends of AgNW this value is enhanced by an average of 140 %. In the case of mixed sample with lower PCP concentration, the average increase of the emission intensity is found to be 100% and 190%, respectively.
We observe strong dependence of the measured enhancement factors on the geometry of the structure as well as the concentration of the PCP complexes, in particular in the case of the mixed samples. The fluorescence enhancement for samples with lower concentration of the PCP complexes is larger than for the sample with higher concentration of the PCP complexes. Such a behavior is expected as the ratio between the PCP complexes coupled and isolated from the b) =min c)t=10min silver nanowires should not change for varying concentration of the PCP complexes deposited on a layer of the nanowires. The distributions measured for the layer-by layer sample are also quite homogeneous, perhaps due to the fact that the variation in the coupling strength changes only in the direction perpendicular to the structure. In a clear contrast, as shown in Fig. 3 , the mixed sample features much broader distributions of the enhancement factors. This broadening could result from higher number of the degrees of freedom for determining distances and orientations between the PCP complexes and the silver nanowires in mixed structure. In this context, substantial increase of the enhancement factors when lower concentration of the PCP complexes is used suggests that during mixing there should be some sort of unspecific interaction between the two types of the nanostructures. This interaction leads to an increase of the relative number of the PCP complexes that interact with silver nanowires.
Photostability of the PCP fluorescence
After observing strong increase of the fluorescence emission of the PCP complexes coupled to silver nanowires we addressed a question related to photostability of the light-harvesting complexes in the presence of metallic nanostructures. There have been orthogonal reports in the literature showing either improvement of the photostability upon coupling with plasmons 21 or otherwise 8 . In the first case it was attributed to shortening of the time the molecule stays in the excited state due to plasmonically-induced increase of the radiative rate, while the second situation was interpreted as a result of higher number of photocycles due to increased absorption rate.
In order to study photostability of the PCP complexes in the vicinity of AgNWs we collected series of fluorescence maps similar to the ones shown in Fig. 2 . In Fig. 5 we show fluorescence images extracted from a movie collected over 10 minutes for many silver nanowires covered with a layer of the PCP complexes. The images obtained at (a) t=0 min, (b) t=5 min, and (c) t=10 min are shown, and the intensity scale is the same for all the images. The first image shows elongated shapes of enhanced fluorescence emission as compared with the background, similarly as in the case of Fig. 2 . With time, the emission intensity gradually decreases and at t=10 minutes the signal is significantly weaker. Temporal behaviour of the fluorescence intensity was evaluated for the emission of the PCP complexes at the ends of the nanowires, along the nanowires and from the PCP complexes away from the nanowires. The dependence of the fluorescence intensity vs. time can be rather well described by exponential decay, which is expected for ensemble of emitters. While in the previous work, where the PCP complexes deposited on a silver island film were investigated, interaction with plasmon excitations resulted in significant decrease of photostability of the light-harvesting complexes 8 , we find that photobleaching dynamics shows no dependence on the presence or absence of plasmonic interactions. There are also no significant differences between the both excitation wavelengths of 405 nm and 480 nm.
In order to gain statistically relevant insight into the influence of plasmonic excitations in the silver nanowires on the photostability of the PCP fluorescence, we carried out similar analysis for approximately 30 locations of each sort. The result of this analysis is displayed in Fig. 6 for the layer-by-layer sample. Time plotted as the horizontal scale represent decay constant calculated for the intensity dependence on time for every given position on the map that was studied. As can be seen, there are essentially no differences between various locations of the PCP complexes, although when placed o 5.
-. Time [min] in the vicinity of the ends of the NWs, the photobleaching might seem slightly faster. But in comparison with much higher fluorescence intensity measured for these locations, this results indicates that due to coupling with plasmonic excitations in silver nanowires, the PCP complexes emit more photons than those that are uncoupled. 
CONCLUSIONS
Summarizing, we find that plasmons propagating in AgNW increase fluorescence intensity of the PCP complexes. The enhancement is significantly higher at the ends of the nanowires than for the emitters located along them. We observe larger values of enhancement factors for samples, where the PCP complexes are mixed with the nanowires before forming a layer. The dependence of enhancement factors determined from wide-field microscopy images indicates that the results are underestimated due to the specificity of the experimental configuration and sample preparation. Importantly, we find that photostability of the photosynthetic complexes remains unaffected upon coupling with plasmonic excitations in silver nanowires. Detailed analysis of temporal evolution of the fluorescence intensity for the PCP complexes located along and at the ends of the nanowires yields no significant differences in their photobleaching as compared to isolated PCP complexes. This implies that coupled PCP complexes emit higher number of photons. This observation can have implications into possible design of functional hybrid nanostructures involving biologically relevant complexes as well as efforts aimed at controlling light properties using plasmonic nanostructures.
